The shear strength of rock joints is an important property required in order to analyze the stability of rock slopes and tunnels. However, estimation of the shear strength of rock joints for in situ conditions is a complex task due to various influencing factors present in the field. Among these factors, the shear velocity or the shear displacement rate along the rock joints are important parameters which are relatively less studied since their effect is considered to be of second order compared to other factors. However, some recent studies in the literature suggest that shear velocity has a significant influence on the shear strength of rock joints, and hence the shear strength of joints estimated at low shear velocities in laboratories cannot be used under in situ conditions where the possibility of higher shear velocities exist due to the presence of different factors, such as blasting, excavation, and thermal and seismic loads. In this paper, we have addressed these issues in three steps. In the first step, an experimental study on jointed rock specimens is presented to investigate the influence of the displacement rate on the shear strength of rock joints. In the second step, a probabilistic method is developed based on the experimental results and the compiled data from the literature to estimate the in situ shear strength of joints under higher displacement rate conditions, i.e., blasting, excavation, and seismic loads from laboratory-estimated shear strength at the International Society for Rock Mechanics suggested low displacement rates. In the third step, a case study of a Himalayan rock tunnel was used to demonstrate the described approach. It was observed that the shear strength of discontinuities reduced with ncreasing shear velocity and that the rate dependency was higher for low-density rocks and under high confining stress. Further, a considerable effect was observed on the probability of failure of the rock tunnel when the effect of shear velocity was considered in the stability analysis.
Introduction
The shear strength of rock joints is an important property which is required when estimating the stability of various rock structures, especially when the possibility of structurally controlled failure exists. The shear strength of rock joints is generally determined using laboratory testing on rock joint samples collected from the field. However, it is inappropriate to use this laboratory-estimated shear strength of rock joints determined under standard conditions for the stability analysis of rock structures in the field. This is because of the presence of various discrepancies in the in situ and laboratory conditions, such as moisture, temperature, scale or shear velocity, and hence there could be significant differences between the laboratory-estimated and in situ values of the shear strength of the rock joints. Among these discrepancies, the shear velocity is an important factor since there is a high possibility of differences between its laboratory and in situ values. The shear strength of rock joints in the laboratory is estimated by applying a shear velocity in the range of 0.02-0 .5 mm/min along the rock joints as suggested by the International Society for Rock Mechanics (ISRM). However, this value of shear velocity is often exceeded in the field in the presence of various triggering factors, such as blasting, excavation, thermal loads in nuclear storage, and seismic forces. Hence, it is not appropriate to directly use the laboratory-estimated shear strength value for the stability analysis of rock structures in the field. There is no method currently available in the literature to estimate the in situ shear strength of rock joints at high-shear velocity from laboratory-estimated values determined at lowshear velocities. This could be due to the limited available studies present in the literature regarding rate-dependent strength behaviour of rock joints, and, further, most of these studies have reported contradictory results.
Studies have been conducted in the past by some researchers to investigate the rate-dependent strength behaviour of rock joints. Most of these studies concluded that shear velocity along the rock joints significantly affects their shear strength. Studies to investigate the rate-dependent strength behaviour of rock joints began in the late 1960s and early 1970s. Byerlee and Brace (1968) investigated the effect of different parameters on the shear behaviour of rock joints and concluded that the effect of strain rate was limited as compared to confining stress and rock types. Dieterich (1972 Dieterich ( , 1978 performed direct shear tests on four types of rock interfaces, i.e., sandstone, greywacke, red granite and quartzite, and concluded that the frictional strength of the rock joint increasedg with the time of static contact. Crawford and Curran (1981) , and Curran and Leong (1983) investigated the effect of the displacement rate on the shear behaviour of rock joints of different rocks. In general, with increasing shear velocity, the shear resistance of the rock joints reduced for harder rocks while it increased for softer rocks. Scholz and Engelder (1976) and Wang and Scholz (1994) also observed the rate-dependency of the strength behaviour of rock joints of synthetic sapphire, westerly granite, solenhofen limestone and twin sisters dunite. It was observed that the strength along the rock joint reduced with increasing shear velocity due to creep at asperity contacts. In contrast to this, Schneider (1977) and Lajtai (1991) observed that, at the same normal stress, the frictional resistance of rock joints is higher at higher shear velocity. In recent studies, artificial rock joints are generally used to study the rate-dependent strength behaviour of rock joints. Plaster of Paris is used to model the rock joints of soft rocks (Atapour and Moosavi 2013; Atapour and Moosavi 2014; Mirzaghorbanali et al. 2014; Tang and Wong 2016; Wang et al. 2016) and concrete/mortar is used to model rock joints of hard rocks (Jafari et al. 2004; Atapour and Moosavi 2013; Atapour and Moosavi 2014) . From these studies on artificial rock joints, it has been concluded that, with increasing shear velocity, the shear resistance of the rock joints increases for harder rocks while it reduces for softer rocks. These results observed for artificial rock materials contradicted the results obtained by previous researchers (Crawford and Curran 1981; Curran and Leong 1983) .
It can be observed from these studies that shear velocity can affect the shear strength of rock joints in two ways: velocityweakening, i.e., the shear strength of rock joints reduces with the increasing shear velocity, or velocity-hardening, i.e., the shear strength of rock joints increases with increasing shear velocity. However, all of these studies show that the shear velocity along rock joints considerably affects the shear strength of the rock joints. Hence, the laboratory-estimated shear strength of rock joints could be significantly different from its in situ value due to possible difference in the shear velocities under laboratory and field conditions. Hence, using laboratory-estimated shear strength of rock joints directly can underestimate or overestimate the stability of rock structures.
This study aims to counter these limitations of the previous studies. The major aims of this study are (1) to investigate the rate-dependent strength behaviour of rock joints for different rock densities and to understand the governing mechanisms, and (2b) to develop a method which can be used to estimate the in itu shear strength of rock joints at higher-shear velocity from the laboratory-estimated shear strength at low-shear velocity. To achieve these aims, this detailed study has been carried out in three steps. In the first step, details regarding laboratory triaxial tests on jointed rocks are presented. This experimental study has been carried out to assess the effect of displacement rate on the shear strength of rock discontinuities for different types of rocks and under different confining stresses. In the second step, after establishing the ratedependency in rock joint strength, an analytical method based on a probabilistic approach is proposed to estimate the shear strength of discontinuities at high displacement rates for field conditions from laboratory-estimated shear strength of discontinuities at low displacement rates. In the third and final step, a stability analysis of a large Himalayan rock tunnel is carried out to demonstrate the proposed method and to estimate the effect of displacement rate on the stability of the tunnel. Figure 1 shows the general layout of the paper and the sequence of the steps in which this study has been carried out.
Experimental study
In the first step of this study, an experimental study was undertaken to investigate the effect of shear velocity on the shear strength of rock discontinuities of rocks with different densities and under different confining stresses. It has been carried to investigate the extent of the influence of the shear velocity on the shear strength of discontinuities under different conditions and further to produce the data which are required in the next section for the analytical model development. This section presents the details of the methodology and a discussion of the results of the experimental study.
Sample preparation
For the current study, Plaster of Paris (POP) was selected as the model material to prepare the rock samples since POP can be molded into any shape when mixed with water, and further this material represents an array of sedimentary rocks of relatively low porosity (Indraratna 1990; Jafari et al. 2004; Indraratna et al. 2008) . Cylindrical samples of jointed rock of 70 mm diameter and 140 mm height were prepared with the joint inclined at 60°to the horizontal. Joint inclination was kept as 60°to the horizontal to ensure the failure of the specimen through sliding along the joint, instead of the shearing of intact rock material (Ramamurthy 2010) . A silicon rubber mould was used to replicate the similar roughness profile along the joint for all the jointed rock samples. The joint roughness coefficient of the joint was estimated to be in the range of 6-8 (Barton and Choubey 1977) . The procedure adopted for preparing the jointed rock specimens is explained in Fig. 2 .
Further, to investigate the effect of shear velocity on the shear strength of rock joints of rocks with different densities, jointed rock samples of different densities were prepared by varying the POP-water ratios. Table 1 shows the water-POP ratios and basic mechanical properties for the prepared rock materials of different densities. The basic properties of the rocks were estimated by carrying out uniaxial loading tests on cylindrical intact rock samples of different densities. Figure 3 shows the stress-strain curves for rocks of different densities under unconfined conditions. It can be observed from Table 1 and Fig. 3 tha,t with the reducing density of the rock (from M1 to M3), different mechanical properties of the rocks, i.e., stiffness, strength and brittleness were reduced.
Experimental program
For the current study, triaxial compression tests were carried out on jointed rock samples to determine the effect of displacement rate on the strength behaviour of the rock joints. For jointed rock specimens of each rock type, tests were conducted at three different confining stresses in the range of 200-600 kPa. For each confining stress, tests were conducted for the displacement rate range of 0.05-15 mm/min. The displacement rates for the current study were chosen in order to Step 2
Step 3 Fig. 1 General layout of the paper Shear velocity-based uncertainty quantification for rock joint shear strengthrepresent the displacement rates in rock joints generally encountered during the excavation of tunnels and slopes, small earthquakes and thermal loads, which are important in cases of underground nuclear waste storage (Jafari et al. 2004; Atapour and Moosavi 2014) . Table 2 presents the details of parameters used in the triaxial compression tests carried out on jointed rock specimens.
Results
This section briefly presents the results and discussion of the experiments performed. Table 3 presents the effect of displacement rate on the peak deviator stress for different rocks at a confining stress of 400 kPa. Figure 4 presents the stressstrain response of jointed samples of different rocks at a confining pressure of 400 kPa. Figure 5 shows the relation between peak friction angles of the rock joint with the axial displacement rates for different rocks. It can be observed that, as the displacement rate was increasing, the deviator stress and friction angle were reducing for all the rock joints, irrespective of the rock type and confining stress. While the rate dependency in the rock joint strength exists for all rock types and confining stresses, its extent and degree were highly dependent on rock type and confining stress. It was observed that the rate dependency was higher for the rock joints of low-density rocks and at higher confining stresses.
The most probable reason behind the observed results is the time-dependent deformation of the rock. The actual contact along the rock surfaces is limited to some asperity contact points which are much smaller than the large apparent contact area of the joint surfaces. When the displacement rate is small, the time of contact at these asperity contact points is higher, which results in the larger increase in the actual contact area at the asperity contact points due to higher time-dependent deformation of the rock as compared to the case when the displacement rate is high. This correlation between the rate dependency of rock joint strength with the time-dependent deformation tendency in the rock has also been studied by some earlier researchers (Swolfs 1971; Teufel 1976; Scholz and Engelder 1976; Teufel and Logan 1977, Dieterich (1978) . Further, the increased rate-dependency of rock joint strength with the increasing density and confining stress can also be explained on the basis of the time-dependent deformation tendency of the tested rocks. Rate dependency in the rock joint strength was higher under those factors, i.e., low density of rocks and high confining stress which increase the tendency of the rock to undergo higher time-dependent deformation, i.e., low rock density and higher confining stress. A typical example of increasing time-dependent deformation in the rock with decreasing rock density is shown in Fig. 6 observed during indentation creep experiments on the tested rock. Further, Fig.  7 also shows the remaining undamaged area of the joint surface after shearing under different rates (enclosed by red lines). It was observed that the damaged area was decreasing with increasing axial velocity. This could be due to timedependent deformation of the rock at the asperities contacts due to which the contact area and contact points of the asperities along the surface increases for low displacement rates which cause more surface damage for low axial velocities.
Estimation of in situ shear strength of rock joints at higher displacement rates from laboratory-estimated shear strength of rock joints
After establishing the effect of displacement rate on the shear strength of rock discontinuities through the experimental study, the next step is to take this effect of displacement rate into account in the in situ shear strength estimation of rock joints. For this purpose, a probabilitybased method has been developed which can be used to estimate the in situ shear strength of rock discontinuities at higher displacement rates from the laboratory-estimated shear strength at low displacement rates. Development of this method was carried out on the basis of the results of the experimental study described in the previous section and the data collected from previous studies present in the literature. This section presents the brief details of the theoretical background of the developed probabilistic model and its application in the context of the present study.
Theoretical details of the probabilistic model
Let the true/in situ peak/residual friction angle of the rock joint at a higher displacement rate be represented as ϕ (Tang et al. 1976 ):
where N p=r O is the correction factor corresponding to the statistical uncertainty due to the limited number of tests; N p=r S is the correction factor corresponding to the systematic uncertainty due to differences in the laboratory testing and the in situ displacement rates along the rock joint during shearing, are also taken as random variables.
Using a first-order uncertainty analysis model, the mean of ϕ p/r can be calculated as follows:
where μ p=r ϕ is the mean value of true peak/residual friction angle, i.e., ϕ p/r ; N p=r O is the mean of N p=r O whose value is 1.0; N p=r S is the mean of N p=r S ;ϕ p=r is the mean value ofφ p=r . The total coefficient of variation (cov) of ϕ p/r can be estimated as follows:
where Ω ϕ p=r is the total cov of ϕ p/r ; Δ O is the cov of N p=r O accounting for statistical uncertainty; Δ S p=r is the cov of N p=r S accounting for systematic uncertainty due to differences in the displacement rate during joint shear; δ ϕ p=r is the cov ofφ p=r accounting for inherent variability.
A step-by-step procedure to estimate the statistical parameters of the true value of the friction angle will now be explained. In the cases where n independent values of friction angles (ϕ p=r 1 , ϕ p=r 2 ,…..,ϕ p=r n ) are available from the laboratory testing at low displacement rates, common methods like sample mean and variance can be used to estimate the statistical parameters:
where ϕ p=r and s 2 ϕ p=r are the sample mean and sample variance of laboratory-measured friction angles of rock joints (φ p=r ). The cov of the friction angle δ ϕ p=r can be estimated from its sample mean and variance as follows:
Statistical uncertainty can be estimated using the following relationship: It can be observed from Eqs. 2-7 that, for the estimation of statistical parameters of the true/in-situ value of the friction angle at higher displacement rates, all the parameters can be evaluated from laboratory testing except the statistical parameters of the correction factor N p=r S , i.e. mean (N p=r S ) and cov (Δ S ). Estimation of the statistical parameters for the correction factor is explained in the next section.
Estimation of the statistical parameters of the displacement rate correction factor
For the estimation of the statistical parameters of the correction factor for the displacement rate, a comprehensive database was compiled from the literature by collecting the data from direct shear tests on rock joints and triaxial tests on jointed rock samples conducted at different displacement rates. Results from experiments carried out in the present study have also been added to the database. Table 4 shows the data compiled for the peak friction angle at different displacement rates along with the computed correction factor for the peak friction angle (N p S ). Table 5 shows the data compiled for the residual friction angle at different displacement rates along with the computed correction factor for the residual friction angle (N r S ). The relevance of the residual friction angle is more evident in the strain-softening regime of the rock joint stress-strain response, when the joint suffers higher displacement than the displacement corresponding to peak strength. Correction factors are estimated by dividing the friction angles estimated at higher displacement rates than the laboratory-suggested displacement rates by the friction angles estimated at laboratory-suggested displacement rates.
The range of displacement rate correction factors for peak and residual friction angles can be established from the data collected from the experimental results and the literature presented in Tables 4 and 5 . After estimating the ranges of the correction factors, the statistical parameters of the factors can be estimated for different probability distributions of them, as shown in Table 6 . Tables 7 and 8 show the estimated range and statistical parameters of the displacement rate correction factors for peak and residual friction angles, respectively. These statistical parameters of the correction factor can be used to estimate statistical parameters of ϕ p/r using Eqs. 2, 3 and Eqs. 4-7. There are some guidelines for using these factors which are explained in the next section.
Guidelines regarding the use of the statistical parameters of the displacement rate correction factors Some general guidelines regarding the development and use of these correction factors are summarized as follows: a) These correction factors can be used for all types of rock joints irrespective of the roughness, since, in recent studies (Mehrishal et al. 2016; Wang et al. 2016) , the rate dependence of rock joint strength was found to have no definite relationship with joint roughness characteristics. b) Classification is provided on the basis of the type of rate dependency in rock joints: namely, velocity-strengthening, i.e., shear strength increases with the increasing Effect of displacement rate on the peak friction angle for different rock joints displacement rate, and velocity-weakening, i.e., shear strength reduces with the increasing displacement rates. The mechanism of velocity-strengthening rock joint behaviour is generally related to the similar mechanismgoverning rate dependency in intact rock uniaxial strength. The mechanism of velocity-weakening behaviour is governed by the creep of the asperities of the rock joints. c) For the proper selection of the correction factors, it is required to classify the rock joints on the basis of their types of rate-dependent behaviour, i.e., the velocityweakening and velocity-strengthening expected during shearing along rock joints. A literature review provides general guidelines for the expected behaviour of rock joints in different rocks. As per these guidelines, Saraburi marble, opalinuston, marl, schist and granite fall under the velocity-strengthening category, while saint beat marble and sandstone fall under the velocityweakening category. However, it is suggested that at least two shear tests on rock discontinuities at different displacement rates should be conducted to obtain a rough idea regarding the expected rate-dependent behaviour of rock joints and then to select the appropriate correction factor from Tables 7 and 8 . d) After the classification of the rocks on the basis of the expected rate-dependent behaviour of the rock joints, selection of the proper probability distribution for the correction factor is required. For the selection of the proper probability distribution for the correction factor, knowledge of site conditions and expert judgment are very important. For example, if the expected displacement rates during rock joint shearing are going to be higher, as in locations of higher seismicity, for velocity-weakening joints, the lower triangular distribution seems to be a better choice since the smaller values of the correction factors are more probable for this distribution. A similar judgment is needed for all other site conditions.
Application example
In this section, the proposed methodology explained in the previous section is demonstrated to show the effect of displacement rate on the shear strength of rock joints and hence on the stability estimate of a rock tunnel. The Nathpa Jakhri tunnel, India, has been selected as the case study for the present article due to the detailed knowledge available about the geological and geotechnical aspects of the project.
Description of the rock tunnel
The The major lithology of the site consists of quartz mica schist. It was observed that generally three joint sets along with some random joints were present at the site forming wedgeshaped blocks. Joints present at the site were generally undulating with smooth to rough surfaces having staining on the surfaces of clean joints. When excavation was carried out there was a possibility of the wedges falling from the roof or sidewalls.
Quantification of uncertainties in the properties of rock discontinuities
For the present study, an uncertainty is considered in the joint set orientations and shear strength parameters of the discontinuities. Table 9 shows the mean value and Fisher's constant for the major joint set orientations. Statistical parameters for the shear strength of discontinuities are estimated for different cases to provide a quantitative estimate of the effect of different types of uncertainties on the total uncertainty of the shear strength parameters of the discontinuities. Because of the several ambiguities on the existence of cohesion for the rock joints, only the friction angle is considered as a dominant component contributing to the shear strength of the discontinuities (Duzgun et al. 2002) . Three cases of uncertainty analysis were carried out. For the first case, only inherent uncertainty was included. For the second case, statistical uncertainty was included along with inherent uncertainty. For the third case, systematic uncertainty due to displacement rate was included along with inherent and statistical uncertainties. As mentioned earlier, the friction angle is considered as the major component of the shear strength of discontinuities, while the cohesion of the rock joints is neglected in the present study. A total of 42 direct shear tests were conducted on the natural rock joints, from which 14 different values of friction angles were obtained. The estimated mean and standard deviation in the friction angle from the laboratory test data were 35.20°and a b c Fig. 7 Undamaged area of the joint surface sheared under different rates (enclosed by red lines): a original profile before shearing, b area of remaining undamaged area of the joint surface for an axial velocity of 0.05 mm/min, c area of remaining undamaged area of the joint surface for an axial velocity of 15 mm/min 2.006°, respectively, estimated using Eqs. 4 and 5. Inherent variability in terms of the cov can be estimated using Eq. 6 as:
Statistical uncertainty in the friction angle due to the limited number of laboratory tests can be estimated using Eq. 7 as: Table 1 The next step is to evaluate the systematic uncertainty due to the displacement rate. Since the expected displacement rate-dependent behaviour of schist is velocitystrengthening, as mentioned earlier, the mean value and cov of the correction factor are 1.365 and 0.150, respectively, by assuming uniform distribution of the correction factor, as shown in Table 7 . Table 10 shows the effect of different types of uncertainties on the corrected mean and total uncertainty of the friction angles of the joints estimated using Eqs. 2 and 3. It was observed that the effect of statistical uncertainty on the corrected mean and the total uncertainty of the friction angle is negligible for this case. The effect of statistical uncertainty can become more pronounced if the numbers of samples tested are fewer or the inherent uncertainty is high. It was observed that the effect of considering systematic uncertainty due to displacement rate on the statistical parameters of the friction angle is considerable. Since the rate-dependent behaviour of rock joints is expected to be velocity-strengthening, the mean value of the friction angle is increased while the uncertainty is increased. This exercise confirms that systematic uncertainty due to displacement rate is important to consider for the estimation of total uncertainty of the friction angle of rock joints.
Probabilistic analysis of tunnel
Since the rock joint orientation attributes and friction angles of joint sets contain uncertainties, it is more appropriate to analyze the stability of the tunnel in terms of the probability of failures instead of factors of safety. The probability of failure for the tunnel was evaluated for different analysis cases, as mentioned in Table 10 , to show the effect of considering different types of uncertainties in the friction angles of joint sets on the estimated probabilities of failure. The probability of failure was evaluated by carrying out 10,000 Monte-Carlo simulations for each case. The probability of failure is defined as the ratio of the number of failed wedges (factor of safety <1) and total wedges (10,000 for this case). Wedge stability analysis for the tunnel was carried out using UNWEDGE software (Rocscience 2014).
Stability analysis of the tunnel against wedge failure was carried out for different cases, as shown in Table 11 . Three locations were selected around the tunnel, as mentioned in the Table. It was observed that inclusion of systematic uncertainty due to displacement rate in the estimation of total uncertainty in the friction angle of the rock joints considerably affects the probability of failure. It can be observed that the probability of failure for Case 3 was considerably different from Cases 1 and 2, which shows the effect of displacement rate on the estimated probability of failure. The probability of failure was smaller for Case 3 as compared to Cases 1 and 2 since the expected behaviour of the rock joints is velocity-strengthening. This shows the effect of displacement rate on the estimated probability of failure of the wedges and hence it becomes important to consider this rate dependency in rock joint strength while analyzing the stability of different rock structures.
Conclusions
The following major conclusions are drawn from the experimental and probabilistic numerical analyses carried out in the present study. The shear strength of rock joints is significantly affected by the displacement rate. For the rock joints studied in the current article, the shear strength was reduced with the increasing displacement rate. Further, decreasing rock density was enhancing this rate dependency of rock joint strength. The most probable reason behind these observations is related to the time-dependent deformation of rock at the asperity contacts.
Systematic uncertainty due to shear velocity along the rock joints during shearing is one of the important factors that govern the accurate estimation of total uncertainty in the friction angle of rock joints. Correction factors in the ranges of 0.69-1.72 and 0.69-1.78 were suggested for peak and residual friction angles, respectively, based on the velocity-strengthening or velocity-weakening behaviour of rock type.
Stability analysis of a large jointed rock tunnel using the probabilistic approach revealed that systematic uncertainty due to displacement rate is very important to consider for joint strength estimation. The percentage difference in the probability of tunnel failure for a few cases was as high as 80% when the uncertainty in the friction angle of the rock joints due to shear velocity was included along with inherent and statistical uncertainties.
The correction factors provided in this paper are for the displacement rates corresponding to pseudo-static rates. In future, these correction factors should be further updated based on the availability of more data. Further, the correction factors for displacement rates corresponding to large earthquakes can be evaluated using similar methodology. 
